Rainfall intensity-frequency-duration curves are used extensively for storm runoff estimation. It is generally assumed that rainfall intensity would increase with global warming irrespective of the underlying changes to rainfall. This study analyzed rainfall and temperature from six sites in Eastern Australia. Two non-overlapping 30-year periods with the greatest difference in the mean annual rainfall were selected at each of the six sites to test for significant changes in the mean annual temperature and rainfall. Changes in the mean rainfall intensity for different frequencies of occurrence and storm durations for each site were also analyzed. Temperature has increased at all sites, and significantly at five out of the six sites. The mean annual rainfall has significantly changed between the two non-overlapping periods at the sites with the exception of Cairns (latitude -16.87 W south). The changes in rainfall intensity for longer durations (1 h) positively correlate with changes in the mean annual rainfall. There is evidence to suggest that the 6 min rainfall intensity would increase irrespective of the changes in the mean annual rainfall.
INTRODUCTION
Rainfall intensity-frequency-duration (IFD) relationships are widely used in engineering designs, such as stormwater drainage systems, bridges and dams, to estimate storm runoff volumes and peak runoff rates (Pilgrim ; Endreny & Imbeah ). Future rainfall is expected to increase in its intensity and/or frequency of occurrence, and storm duration may be shortened as a consequence of climate change (Trenberth , ; Trenberth et al. ) . An increase in global temperature in a CO 2 -warmed world would lead to an increase in moisture in the atmosphere, which could possibly increase the rate of precipitation (Trenberth ) . Current research reported in the literature suggests that storm durations could be shorter and the rainfall intensity could be higher in the future. Therefore, current infrastructure based on the existing IFD relationships may be inadequate during extreme events under future climate conditions.
The likely change in heavy rainfall can be estimated This research aims to examine the relationships between rainfall and temperature, and between mean annual rainfall and extreme rainfall of short durations. The research seeks to determine whether there have been significant changes in annual rainfall and temperature and whether short-duration rainfall intensities are correlated with both annual rainfall and temperature in Eastern Australia. In particular, this research attempts: (1) to establish IFD curves for two periods in the past 100 years that have the greatest contrast in the mean annual rainfall; (2) to understand the changes in rainfall intensity for different durations between these two periods; and (3) to investigate the relationship between changes in the mean temperature, annual rainfall and rainfall intensities.
DATA AND METHODS
Six sites in Eastern Australia were chosen in this study for sub-hourly rainfall analysis, as shown in Figure 1 . Thirty years is a standard period for the estimation of climatic variables characterizing, therefore two pairs of 30-year climatology were identified for each study site. Each period was selected to represent the highest and lowest 30-year mean annual rainfall on record for each site. Table 1 Analysis of the pluviograph records indicated some missing data for some events. It appeared that much of the missing data occurred at either the beginning or end of the events. Consequently, the daily rainfall was used in this study to analyze rainfall duration of 24 h. The daily rainfall is recorded from 9 to 9 AM in Australia. The total daily rainfall may be lower than a continuous 24 h of total rainfall from pluviograph data, but the former is much more consistent and easy to define.
The Annual Maximum Series (AMS) and the Partial Duration Series (PDS) are the most commonly used methods for deriving the IFD (Takeuchi ). The AMS selects the maximum rainfall intensity in each calendar year, whereas the PDS chooses the highest rainfall intensity that exceeds a threshold over the entire period. The AMS is a more popular approach in hydrological studies compared with the PDS, because extraction of the PDS is not straightforward (Xuereb & Green ) . The disadvantages of the PDS are that it may suffer from independent issues and threshold selections and also it may miss some small events. The advantages of using the AMS are that it is a simple approach and more objective compared with the PDS. However, the disadvantage of the AMS is that the sampling is limited by the calendar year which may result in small sample sizes and affect parameter estimations for extreme rainfall distributions. Srikanthan () argued that the AMS is simple and easy to apply and it is as efficient as the PDS in many respects. On balance, AMS is the preferred method, and is adopted for this study. Tropical 1943 -1972 1973 -2002 Rockhampton Sub-tropical 1946 -1975 1976 -2005 Brisbane Sub-tropical 1912 -1941 1947 -1976 Sydney Temperate 1921 -1950 1951 -1980 Melbourne Temperate 1946 -1975 1976 -2005 Hobart Temperate 1931 -1960 1975 -2004 Figure 1 | Location map of the six sites in Eastern Australia.
Cairns
The mean annual rainfall, temperature, rainfall intensities for a range of durations, and two ARIs were calculated for the two contrasting periods. IFD curves were prepared for visual examination for each of the six sites. The T-test was used to infer statistically significant differences in the mean for these variables between the two contrasting periods. Empirical relationships among changes in the mean annual rainfall, short duration extreme rainfall, and mean temperature were sought for these six sites in Eastern Australia.
RESULTS AND DISCUSSION
The IFD curves for 2-and 20-year ARIs are shown in Figure 2 . Each curve corresponds to a specific ARI for a As can be seen in Figure 2 , rainfall intensities show a greater variation between the two contrasting periods and for the two selected ARIs at the higher latitudes (e.g. Melbourne and Hobart) than those at other locations. A paired test (results not included) indicated that there were no consistent and significant changes in rainfall intensities between these IFD curves from these non-overlapping 30-year climatologies. Further, changes in the rainfall intensity varied depending on the storm duration for the six sites tested.
The T-test was applied to the mean temperature, annual rainfall and rainfall intensities between the two contrasting periods (Table 2) . Those with a P-value less than 0.05 are highlighted in Table 2 . The annual rainfall in P1 was found to be statistically different to that in P2 for all locations in Eastern Australia apart from Cairns. Sydney, Brisbane and Cairns had less mean annual rainfall in P1 than in P2; Rockhampton, Melbourne and Hobart had higher mean annual rainfall in P1. The mean annual temperature in P1 was found to be significantly higher than that in P2 for all locations apart from Brisbane. Although the mean annual temperature in Cairns significantly increased from P1 to P2, annual rainfall and rainfall intensities did not change over this time at this tropical site.
As can be seen in Table 2 Further, mean rainfall intensities for durations longer than 1 h increased significantly in Sydney, but decreased in Hobart. There is no correlation between mean annual Figure 3 | Relationship between changes in mean annual rainfall and those in mean rainfall intensity when P-value 0.05 for the 6 min duration (right) and the durations longer than 1 h (left).
temperature and rainfall intensities for durations between 1 and 24 h.
CONCLUSIONS
Climate data for a 30-year period are commonly used to define a climatology or a baseline for comparative analysis.
For this study, we intentionally selected two non-overlapping 30-year periods with the greatest contrast in mean annual rainfall to look for significant changes in short duration rainfall intensities. The aim of this study was to examine the changes in rainfall intensity for different storm durations between two contrasting periods in Eastern Australia. This study produced IFD curves using 6 min rainfall data for the two contrasting periods and tested for significant changes in mean temperature, annual rainfall and rainfall intensities.
For the two contrasting periods, temperature for the latter period is always higher for all six sites, suggesting a warming trend. Change in mean annual rainfall is not consistent in terms of its trend, however, the changes are mostly significant (at 0.05 level) between two contrasting periods. Short duration rainfall intensity shows considerable variability. In general, 6 min rainfall intensities have mostly increased, following the trend in temperature. For durations longer than 1 h, changes in rainfall intensity tended to follow those of mean annual rainfall. Significant changes in rainfall intensity at duration 1-h occurred only at non-tropical sites in Eastern Australia. A strong correlation was noted between changes in mean annual rainfall and rainfall intensities for these non-tropical sites.
